Treatment of triple negative breast cancer (TNBC) has been a big challenge since it is defined. To date, platinum-based chemotherapy has played a significant role in the treatment of TNBC patients. However, some patients do not respond to platinum salts or gradually develop chemoresistance, resulting in little effect, or even some adverse effects. Here, we review numerous preclinical and clinical investigations to summarize possible mechanisms and potential predictive biomarkers of platinum in TNBC. The homologous recombination deficiency (HRD) resulting from the loss of BRCA function is the main rationale of platinum efficacy in TNBC. BRCA mutation and methylation have been demonstrated to be important potential biomarkers. Based on genome-wide effects, BRCA-like classifier can identify the functional loss of BRCA and work as the predictor. HRD score that is able to identify the "BRCAness" and predict the sensitivity of platinum is increasingly considered. Taken together, all findings suggest that HR deficiency profile encompassed by BRCA mutation and high HRD score could predict response to platinum, even to other DNA-damage inducing agents. p53 family members and molecular subtypes of TNBC are also important alternative considerations for predicting platinum response based on the preclinical trials. Currently, tumor infiltrating lymphocyte level and thrombocytopenia are emerging as predictive biomarkers.
Introduction
Triple negative breast cancer (TNBC), defined as lack of expression of estrogen receptor (ER) and progesterone receptor (PR), together with amplification of human epidermal growth factor receptor 2 (HER2) gene, accounts for approximately 20% of breast cancers. Compared with any other subtypes of breast cancer, TNBC follows a more aggressive clinical course and shows a higher risk of recurrence and death from disease in the first 3 to 5 y after diagnosis. 1 TNBC patients cannot benefit from endocrine therapy or HER2-targeted agents because of absence of ER/PR/HER2. Furthermore, there are no available target agents for TNBC. 2 Because TNBC is a highly heterogeneous disease composed of molecularly distinct subtypes. 3 It's intriguing to observe that TNBC shows partial overlap with the basal-like breast cancer. In addition, although over 75% of BRCA1/2-mutated breast cancers show the TNBC phenotype, the majority of TNBC are still sporadic. 1 To date, chemotherapy is the mainstay of systemic treatment of TNBC. And the use of platinum-based chemotherapy in TNBC patients has shown promise in increasing preclinical and clinical trials. Many retrospective studies have suggested an improved outcome for TNBC patients compared with non-TNBC patients treated with platinum-based chemotherapy, as shown in Table 1 . Most commonly used platinum agents for TNBC are cisplatin and carboplatin. [4] [5] [6] [7] [8] However, only a part of TNBC patients are extremely sensitive to platinum-based chemotherapy, while most of unselected TNBC patients get only substantial toxicities from platinum treatment. 9, 10 Hence, the predictive biomarkers are urgently needed to screen out the suitable patients among the unselected groups. Here, we will devote comprehensive attention to possible biomarkers of platinum salts.
Molecular mechanisms of platinum and homologous recombination deficiency in TNBC
Dasari et al has reviewed the main molecular mechanisms of platinum-based agents. Once platinum salts enter cells, their ligands are displaced by water and then the hydrolyzed products, performing as a electrophile, can covalently bind to DNA to form DNA-platinum adducts with various types of intra and inter-strand crosslinks.
11 DNA-platinum adducts can lead to single-strand breaks (SSBs) and/or double-strand breaks (DSBs), ultimately resulting in DNA damage. It is worthy mentioning that inter-strand crosslinks can induce stalled replication fork. 12 Once DNA is damaged, cell cycle checkpoints will be activated through activation of p53 either to repair the DNA damage or induce cell apoptosis. Whether cancer cells can repair platinum-induced DNA damage will decide the cells to survive or die, 11, 12 shown as Fig. 1A .
The most harmful lesion DSBs are repaired by either homologous recombination (HR) or non-homologous end joining (NHEJ), depending on the phase of cell cycle. MRN complex (MRE11-RAD50-NBS1) senses the DSBs and subsequently recruits ATM (ataxia telangiectasia mutated) and its related ATR (ataxia-telangiectasia and Rad3-related). And the process will induce the activation of checkpoint and cell cycle arrest through p53. Subsequently, ATM phosphorylates histone H2AX resulting in the recruitment of p53 binding protein 1 (53BP1) and BRCA1 to the sites of damage. HR is the error-free DSB repair mechanism and BRCA family plays a very important role in HR pathway. 13 During early DSB repair, BRCA1 controls DSB resection and facilitates the transition from DSB resection to BRCA2-mediated RAD51 loading. 14 The previous study has demonstrated that approximately 20% of TNBC patients harbor a BRCA1 or BRCA2 mutation, 15 which suggests that TNBC has deficiency in HR. HR deficiency leads to the activation of the error-prone NHEJ repair pathway which easily causes genomic instability and/or cell death. 16, 17 As platinum salts are able to form DNA-platinum adducts leading to DNA DSBs, the repair of platinum-induced DNA damage requires an intact HR repair capacity. Theoretically, TNBC with HR deficiency are supposed to be sensitive to the platinum. 13 Sporadic TNBCs and BRCA-mutated breast cancers share many common molecular and clinical characteristics. 1 A hypothesis is proposed that sporadic TNBCs may possess DNA repair defects similar to the BRCA-mutated tumors. The explanation could be "BRCAness," or more accurately clarified as "BRCAlessness." BRCAness is defined as patients without BRCA mutations, but with epigenetic inactivation of BRCA, mutations in other genes, or post-translational modifications of key proteins involved in HR and pharmacological inhibitors of the HR, resulting in impairment of HR. 18, 19 The BRCAness is identified in at least 25% of BRCA wild-type breast cancers and is more frequent in TNBC. 20, 21 The BRCA1 promoter CpG island methylation is in approximately 30% of TNBC patients 22 and tumors with this methylation share the pattern of gene expression similar to inherited BRCA1-mutated breast cancers. 23 Pan-histone deacetylase inhibitor and many other strategies have been reported to induce BRCAness and then enable TNBC patients sensitive to platinum-based regimens. 24 Besides platinum salts, BRCAness patients can be also sensitive to other DNA damage-inducing regimens, such as Poly (ADP-ribose) polymerase (PARP) inhibitors, as a result of the deficiency in HR repair. Lesions in other DNA repair pathways including base excision repair and inter-strand crosslink (ICL) repair also have the significantly roles in TNBC. 25, 26 The comprehensive illustration of main pathways involved in platinum-induced DNA damage repair in breast cancer is shown in Fig. 1B . 11, 12, 17, 27 The biomarkers from HR deficiency
As above, we know that patients with BRCA mutation or BRCAness do not have an intact HR repair capacity. This group of patients cannot impair platinum-induced DNA damage and are supposed to be sensitive to platinum.
BRCA expression
Dating back to 2000, it was recognized that BRCA-mutated cells were sensitive to cisplatin. 28 Xenograft tumors derived from BRCA1-deficient TNBC cell lines also show cisplatin sensitivity. 29 In a group of BRCA1-mutated breast cancers after neoadjuvant chemotherapy, pathologic complete response (pCR) was observed in 10 (83%) of 12 breast cancer patients treated with cisplatin. 30 Many prospective studies of early-stage and metastatic TNBC have confirmed that BRCA-mutation status is a potential predictive biomarker. 56, [59] [60] [61] In addition, it has been validated that different BRCA mutation positions may be associated with different levels of HR deficiency and then lead to different sensitivities to platinum in TNBC and ovarian cancer patients. 16, [31] [32] [33] It has also been observed that sporadic TNBCs are sensitive to platinum-based chemotherapy 3 and the gene methylation is one of the reasons. Whatever in vivo or vitro, the point that BRCA1 epigenetic inactivation can predict the sensitivity to platinum-based drugs in breast cancer has been proven. 5, 34 In conclusion, lower BRCA1 mRNA expression is significantly associated with better response in patients treated with platinum-based chemotherapy. However, loss of 53BP1 can allow cancer cells to tolerate BRCA1 deficiency and partly restore HR repair deficiency in breast cancer, potentially contributing to platinum resistance. 35 Interestingly, loss of 53BP1 was reported to have higher frequency in BRCA1-deficient TNBC cells than other subtypes. 16, 36 Therefore, it is necessary to simultaneously evaluate 53BP1 and BRCA1 expression status to assess HR capacity.
Biomarkers based on genome-wide effects of functional loss of BRCA How to identify signatures of BRCA functions has been in intense investigation for a long time, especially in TNBC. 37 Recently, Vollebergh et al. developed a classifier based on array comparative genomic hybridization (aCGH), which could identify the functional loss of BRCA1 in breast cancer. The result showed that almost 60% of BRCA1-like CGH tumors harbored either BRCA1 mutation or BRCA1 methylation. In this study, they found that these BRCA1-like CGH patients were associated with better response to platinum-based adjuvant chemotherapy and more likely to be TNBC. 38 Later, in a randomized controlled trial of HER2-negative breast cancer patients, they proposed that if tumors were with aCGH patterns resembling BRCA1 and/or BRCA2-mutated breast cancers, they would be defined as the BRCA-like CGH ones. They verified the predictive value of BRCA-like CGH for high-dose cyclophosphamide-thiotepa-carboplatin (HD-CTC) adjuvant chemotherapy in TNBC in the study. Compared to other chemotherapies, HD-CTC was associated with better OS in BRCA-like CGH tumors, but not in non-BRCA-like CGH tumors. Remarkably, almost 76% of TNBC patients showed a BRCA-like CGH phenotype. 39 Although the study has its limitations, aCGH platform has its potential to predict platinum response.
Biomarkers associated with genomic instability
Both BRCA1-mutated breast cancers and sporadic TNBCs are with high levels of genomic and chromosomal aberrations. Allelic imbalance (AI) is defined as a difference in expression levels of 2 alleles with or without changes in total DNA copy number. 40 AI extending to the telomeric end of the chromosome (NtAI) can be applied as a method of evaluating subchromosomal abnormalities. NtAI was found to be an accurate biomarker of pathologic response to cisplatin-based preoperative chemotherapy in TNBC patients. 41 In multiple tumors, the correlation between high NtAI grade and low BRCA1 expression indicated that this kind of genomic abnormality was able to represent HR deficiency. 41 Large-scale state transition (LST) is defined as chromosomal break of at least 10 Mb between adjacent regions, while loss of heterozygosity (LOH) is defined as loss of parental copies of a heterozygous region of DNA. LST and LOH were positively correlated in TNBC patients. 10 High numbers of LST were associated with BRCA1-inactivivation in basal-like breast cancer. 42 LOH clustering could indicate BRCA1/2 dysfunction and sensitivity to platinum drugs in high-grade serous ovarian cancer. 43 HR deficiency (HRD)-LOH score, HRD-LST score and HRD-NtAI score are formulated to evaluate genomic instability, or so-called genomic scar like signatures of aberrations resulting from HR repair defects by single-nucleotide polymorphism array-based sequencing, which are supposed to be related to BRCA functions and the platinum effect. 44 Recently, a combined score called HRD score has been developed, which is calculated based on the quantitative sum of the 3 scores. HRD score equal to or over a predefined threshold 42 is considered as HR deficiency. 45 In multivariable analyses of breast cancers, HRD score was able to detect significant BRCA1/2 deficiency not captured by the any single score. 43 The predictive effects of HRD score and/or HR deficiency in early-stage TNBC have been illustrated by recent studies, [45] [46] [47] as shown in Table 2 . But in metastatic setting, the dichotomized HRD score was not found to be associated with sensitivity to carboplatin and the reason may be that nonmutated HRD-high cancers frequently reverse the homologous repair defect in metastatic setting. 48 HRD assay determines the genomic instability score by formalin-fixed and paraffin-embedded (FFPE) tissues, which improves its clinical viability. 37 Besides, a recent research found that HRD score was highly conserved because it was consistent across the multiple repeat biopsies from different regions of the same cancer tissue. 49 This strategy for predicting the sensitivity of platinum-based chemotherapy focuses on general aspects of HRD rather than the function of a single gene. Now, whether HRD score is limited to the evaluation of the platinum salts is a new focus of further studies.
Biomarkers based on p53 family
Although p53 family plays an important role in DNA damage repair, there is no valid evidence that p53 mutation is associated with response to platinum-based treatment. However, there exists a correlation between p53 nonsense or frameshift mutation and cisplatin response in TNBC. 5 Also, this special type of p53 mutation has been found associated with BRCA1 mutation, which might function as an alternative marker for BRCA1 deficiency. 50 p63 and p73 which are the p53 family members, are sequence-specific DNA-binding factors mediating transcription of pivotal down-stream target genes. 51 Under normal conditions, p63 protein isoform DNp63 can repress the proapoptotic activity of p73 isoform TAp73 by direct physical interaction. Platinum salts can promote TAp73 to dissociate from DNp63 by phosphorylation, leading to the activation of TAp73-dependent proapoptotic pathway followed by apoptosis. 5 The result in vitro found that TNBC cells co-expressing TAp73 and DNp63 showed sensitivity to cisplatin, but not to other common chemotherapy agents. In other words, co-expression of DNp63 and TAp73 in TNBC could predict cisplatin sensitivity. Notably, the DNp63/TAp73 pathway appeared in both BRCA1-related and sporadic TNBC. 52 One clinical trial provided a positive conclusion that DNp63/TAp73 ratio > 2 was probably associated with sensitivity to cisplatin in early-stage TNBC. 5 However, another study did not observe a significant association of DNp63/TAp73 ratio with clinical response of platinum salts in advanced TNBC. 10 The conflicting result indicates that the predictive role of DNp63/TAp73 ratio is not explicit.
Molecular subtype associated biomarkers
In PAM50 gene expression analysis, the majority of TNBCs are basal-like breast cancer (BLBC) with the proliferation gene signatures. 53 Retrospective trials have found that molecular profiles of TNBC have clinical utility in predicting chemotherapy response. 29, 54 In a clinical research of 1055 patients with TNBC, BLBC or both, only when TNBC can be stratified into BLBC subtype could patients be identified with notably better response after chemotherapy. 55 Previous studies show that BLBC harbors the hallmarks of BRCAness. 21 In conclusion, BLBC is an important consideration for prediction of platinum efficacy in TNBC.
Lehmann et al. have classified TNBC into 6 subtypes based on their gene expression profiles. Among these subtypes, cell lines representative of basal-like (BL1 and BL2) subtypes were significantly more sensitive to cisplatin than other subtypes. 3 The possible mechanism may be that genes of the basal-like subtypes encompass elevated DNA damage response (ATR/ BRCA) pathways and increased cell-cycle checkpoint loss. Further exploration revealed that BL1/2 cells had relatively higher sensitivity to cisplatin than other TNBC subtypes irrelevant to BRCA1 mutation status, 3 and it suggested that there were probably some other potential HR defects in BL1/2 TNBC cells with intact BRCA1. However, the predictive role of molecular subtypes needs further investigation in clinical trials. Besides, identification of the molecular subtypes should be based on the gene expression profile, which limits its clinical application.
Emerging biomarkers
Nowadays, emerging predictive biomarkers have been investigated in the context of platinum-based therapy in TNBC. Although tumor-infiltrating lymphocytes (TILs) have been proposed for many years, whether they are able to predict the response of platinum in TNBC has just received attention. 56 Another emerging biomarker is thrombocytopenia, an adverse effect of platinum regimens. 57 Increasing data have showed that TIL is associated with prognosis in several types of tumors, especially in TNBC. TIL has been confirmed to be highly present in TNBC and related to increased pCR rate and improved disease-free survival (DFS) and OS after chemotherapy. [58] [59] [60] In neoadjuvant GeparSixto and PrECOG0105 trials, TIL levels are positively associated with pCR rate among TNBC patients. LPBC is defined as breast cancer with lymphocytes in 50% or more of tumor or stroma, which was also proved to be associated with pathologic response in GeparSixto trial. 56, 61 TIL is assessed by the routine hemotoxylin and eosin slides, other than molecular analysis, which makes it more feasible in clinical setting. The possible mechanism of predictive role of TIL is that effective chemotherapy can facilitate an antitumor immune response and induce immunogenic tumor cell death by activating the adaptive immunity. 56 In the ECOG and BIG 02-98 studies, higher levels of TILs in TNBC patients receiving anthracycline-based chemotherapy were also linked with higher pCR rate, 59, 62 suggesting that TILs may not be a distinct predictor for platinum but a common one for different chemotherapy in TNBC.
In the recent SABCAS meeting, a research emphasized that Fanconi anemia pathway might have certain relevance to the response of platinum in TNBC patients. Fanconi anemia pathway not only plays an important role in HR repair, but also in maintaining haematopoietic stem cell (HSC) function. The impaired DNA DSB repair can also lead to HSC and progenitor cell dysfunction. Therefore, it is possible that platinum salts may induce The results also demonstrated that tumors with BRCA1 promoter methylation were more likely to respond to neoadjuvant cisplatin (pCR rate: 75% vs 27%; p D 0.04) and decreased BRCA1 mRNA expression was significantly associated with better response. 5 Randomized phase II GeparSixto study was conducted to demonstrate the value of addition of carboplatin to neoadjuvant chemotherapy in stage II-III TNBC and Her-2 positive breast cancer patients. This study found that the addition of carboplatin to anthracylines and taxanes improved pCR rate from 37% to 58% (p D 0.005) in TNBC patients, but not HER2-positive breast cancer patients. 64 And the findings are consistent with the results from the similar CALGB 40603 study. 65 Exploratory results of GeparSixto showed that 70.5% of TNBC patients were with HR deficiency and 60.3% of TNBC patients were with high HRD score without BRCA mutation. HR deficient tumors had better response to carboplatincontaining chemotherapy compared with HR non-deficient ones. Among patients without BRCA mutations, a higher HRD score was associated with better response to the treatment. 66 GeparSixto trial also assessed the predictive value of TILs. In the complete cohort of TNBC and HER-positive breast cancer, the pCR rate was 59.9% in LPBC, compared with 33.8% in non-LPBC (p D 0.001). And the result that the pCR rate was 75% in TNBC with a LPBC phenotype suggested that TIL was a significant predictor for platinum response particularly in TNBC. Besides, mRNA expressions of key modulators of immune reactions were also found to be associated with platinum-based chemotherapy response in this research. 61 PrE-COG0105 study was a small and single arm clinical trial assessing gemcitabine, carboplatin, and iniparib as neoadjuvant therapy for triple-negative and BRCA1/2 mutation-associated breast cancer. The results of PrECOG0105 indicated that mean HRD-LOH score was higher in patients with response to carboplatin-based treatment than those without response 67 and increased probability of pCR was associated with the high level of TILs among 70 TNBC patients. 56 Another recent single arm phase II clinical trial evaluating the efficacy and safety of neoadjuvant treatment with carboplatin and eribulin in early-stage TNBC patients suggested the pCR rate was 43.3% (13/30) . And further study revealed that HRD score (P D 0.0024) and HR deficiency status (P D 0.0012) significantly predicted pCR. More clinical trials about efficacy and predictive biomarkers of platinum in TNBC patients are shown in Table 3 and Table 4 .
Platinum salts in metastatic TNBC
In a recent phase III trial, the CBCSG006 study, 240 Chinese advanced TNBC patients were randomly assigned to cisplatin plus gemcitabine or paclitaxel plus gemcitabine group. The cisplatin-containing group had better response compared with paclitaxel-containing group, with a median progression-free survival (PFS) of 7.73 months versus 6.47 months. 68 The exploratory assessment of biomarkers of platinum is still being investigated. Another randomized phase III TNT trial that compared carboplatin with taxanes in 376 advanced triplenegative or BRCA1/2-mutation breast cancer patients showed that carboplatin showed no superior activity in unselected TNBC patients, but had better effect in BRCA-mutation patients. The median PFS was 3.1 months in the carboplatin arm and 4.5 months in the docetaxel arm (P D 0.29) among unselected arm. In carboplatin treatment group, BRCA-mutation patients had a median PFS of 6.8 months, compared with 3.1 months in patients with no BRCA mutations, and the differences were not seen in docetaxel group. In this trial, although patients with high HRD score seemed to have better response than those patients with low HRD score when treated with carboplatin, high HRD score could not select carboplatin-sensitive patients among all patients. 69 TBCRC009 trial was a single-arm phase II clinical trial of platinum monotherapy for metastatic TNBC with biomarker analysis. Results from TBCRC009 trial indicated that TNBC patients with BRCA1/2 mutation had better response compared with non-mutation ones and HRD-LOH/HRD-LST scores might help identify the patients who are more likely to benefit from platinum-based therapy. 10 Further randomized clinical trials evaluating platinum salts in TNBC patients are ongoing.
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Discussion and conclusion
Recently, increasing studies have shown that TNBC patients treated by platinum-based chemotherapy will have better response. Considering the heterogeneity of TNBC and several substantial toxicities after chemotherapy, platinum treatment should incorporate some distinct biomarkers for patient selection. Now, personalized treatment is the core principle of cancer therapy and the predictive biomarkers of platinum in TNBC will promote this project. In the Table 4 and Fig. 2 , we make a comprehensive summary of any potential predictive biomarkers to give some inspiration to the oncologists.
As BRCA mutation predisposes to breast cancer development, it also sensitizes cancer cells to DNA-damaging agents based on the fact that BRCA-associated HR repair is the only error-free repair pathway of inter-strand crosslinks. 72 BRCA mutation status has been demonstrated to be an important potential biomarker for platinum therapy in almost all researches. 10, 45, 67, 69 Because the number of genes related to HR repair is increasing, and more importantly, HR repair pathway is complex and dynamic during tumor development, it may be inaccurate to identify HR deficiency by the single gene alteration. 72 In the clinical context, inactivation of HR in BRCA-wild TNBC patients may also induce hypersensitivity to platinum. 47 The most compelling problem is how to define the "BRCAness." Vollebergh and colleagues proposed aCGH platform as a predictive marker, but its clinical application had not been reached. Because it was unclear whether the benefit observed in the BRCA-like CGH patients was mainly a result of the platinum or the intensified alkylating agents or both. 39 NtAI, LOH score, LSH score and HRD score can evaluate genomic instability related to BRCA dysfunction to serve as a marker of HRD and response to platinum-based chemotherapy in TNBC. 10, 47, 67 Many researches suggest HR deficiency encompassed by BRCA mutation and high HRD score has shown the most potential promise in predicting the response of platinum agents. 47 However, these studies are retrospective or single-arm, which do not provide enough evaluation of a predictive biomarker. It has been recognized that the proper biomarker trial design requires control group. 44 It is sure that BRCA-associated HRD biomarkers are potential predictors, but there is no definitive data of their clinical utility. And the preliminary results of phase III TNT tail did not show the significant evidence that high HRD score was associated with the better efficacy of carboplatin compared with docetaxel. 69 Hence the role of these genomic instability assays needs further clinical researches. When appropriately validated, the measures assessing HR status will capture more available cancer patients who are likely to benefit from platinum agents or other DNA-damaging agents.
Besides the predictors from HR repair pathway, there are biomarkers from other biomolecules. As the correlation between DNp63 and clinical tumor response to cisplatin has been investigated for more than 10 years, 73 the predictive value of DNp63/TAp73 ratio is intriguing and worth exploring. And the existing clinical trials have not gotten the positive results with statistical significance, possibly as a result of methodology. While the prognostic implications of TILs in multiple tumors, including TNBC, are highly consistent, the predictive effect of TILs has its limitations. The methods for TIL evaluation usually have measure errors in multicenter context. And as TILs are a group of heterogeneous immune cells, identification of a specific subtype of TILs closely related to platinum response will improve their clinical value as the biomarker. 61 Actually, platinum agents have been applied to treat a wide range of tumor types for decades. In high-grade serous ovarian cancer (HG-OSC) which is similar to TNBC in molecular and clinical characteristics, 16 somatic hypermutation is significantly associated with platinum sensitivity. 74 Besides, a multiparameter flow cytometric assay has been investigated as a potential biomarker for HR deficiency in HG-OSC. 75 More prospective and large researches should be conducted to identify the value of these biomarkers and confirm their clinical utility. Combining these biomarkers as a composite marker that thoroughly evaluates the properties of TNBC can more accurately predict drug efficacy. For example, HRD score together with TILs level will reflect both tumor and microenvironment properties. Further comprehension of the complexity of DDRs, particularly HR, will improve the process of identifying some practical predictive biomarker tests that facilitate the clinical application of platinum-based chemotherapy in TNBC.
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